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Visual assayPhosphatidylinositol-3-phosphate (PI3P) is a lipid that is enriched speciﬁcally in early endosomes. Given
that early endosomes containing PI3P act as a microdomain to recruit proteins that contain a PI3P-binding
domain (FYVE domain), the equilibrium between the production and degradation of PI3P inﬂuences a
variety of processes, including endocytosis and signal transduction via endosomes. In the study reported
herein, we have developed a novel analytical method to quantify the amount of PI3P in endosomes by
introducing a GST-2xFYVE protein probe into semi-intact cells. The GST-2xFYVE probe was targeted
speciﬁcally to intracellular PI3P-containing endosomes, which retained their small punctate structure, and
allowed the semi-quantitative measurement of intracellular PI3P. Using the method, we found that
treatment of HeLa cells with H2O2 decreased the amount of PI3P in endosomes in a p38 MAPK-dependent
manner. In addition, H2O2 treatment delayed transport through various endocytic pathways, especially
post-early endosome transport; the retrograde transport of cholera toxin was especially dependent on the
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Oxidative stress occurs when the concentration of oxidants such as
reactive oxygen species (ROS) becomes toohigh to allow their removal by
antioxidants. ROS and free radicals are known to damage various
components of cells, including proteins, lipids, and DNA. As a conse-
quence, oxidative stress is reported to be involved in many diseases,
including diabetes, atherosclerosis, Parkinson's disease, and Alzheimer's
disease. ROS also have an important role as signaling molecules in the
regulation of various biological processes, such as enhanced growth
triggered by growth factors, tumorigenesis, host defense, and phagocy-
tosis [1–3]. Hydrogen peroxide (H2O2) is a relatively stable ROS, and it can
cross the cell membrane, which makes it suitable for use as a signaling
molecule. Thus, H2O2 acts as both a mediator of cell cytotoxicity and a
signal transduction molecule in living cells.
Endocytosis is the process by which molecules outside a cell are
internalized into the cell by the formation of vesicles from the plasma
membrane. In general, the molecules are ﬁrst loaded into vesicles in a
clathrin-dependent or -independent manner. After internalization, thevesicles are trafﬁcked to early endosomes, in a process that depends on
the small GTPase Rab5 and its effector EEA1 [4,5]. Given that there are
various endocytic pathways, early endosomes serve as a sorting station
that determines the ﬁnal destination of internalized ligands and/or
receptors. For example, upon binding of epidermal growth factor (EGF),
the epidermal growth factor receptor (EGFR) is transported rapidly in a
Rab7-dependent manner to lysosomes where it is degraded, which
downregulates the EGF signal [6]. In contrast, transferrin (Tf) is recycled
from early endosomes back to the plasmamembrane both directly, by a
process that requires Rab4 [7], and via recycling endosomes, which
requires Rab11 [8]. Shiga toxin and cholera toxin,which are thebacterial
exotoxins produced by Shigella dysenteriae and Vibrio cholerae, respec-
tively, undergo retrograde transport from endosomes to the trans-Golgi
network (TGN), via a pathway that is dependent on sorting nexin (SNX)
1, 2, or 8 [9–11]. The molecular mechanisms of the sorting processes in
early endosomes have been studied and characterized in detail.
Recently, however, the role of early endosomes as signaling organelles
has started to garner attention. Endosomes are ideally suited to act as a
specialized signaling platform because they have a distinct biochemical
composition that promotes the selective recruitment of various scaffold
proteins and signalingmediators. In thisway, signaling by growth factor
receptors can be modulated by extending or shortening the sojourn
time of the receptors in endosomes [12, see below].
One of the characteristic features of early endosomes is their high
content of phosphatidylinositol-3-phosphate (PI3P). The high concen-
tration of PI3P enables the early endosome to act as a platform where
proteins that contain a PI3P-recognition domain (FYVE domain) are
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a FYVE domain are involved not only in the regulation of endosomal
processing but also in signal transduction via endosomes. For example,
the FYVE domain proteins EEA1 and Hrs mediate endosomal fusion and
endocytic sorting, respectively [16–20]. Another FYVE domain protein,
SMAD anchor for receptor activation (SARA), is localized to early
endosomes to transduct the signal from the transforming growth factor
β (TGFβ) receptor to the mediator SMAD efﬁciently [21,22].
Zoncu et al. [23] have demonstrated that endosomes associated with
APPL1 (APPL-endosomes) are the ﬁrst station for early endocytic trafﬁc
and that APPL-endosomesmature to canonical EEA1-positive endosomes
as PI3P accumulates. APPL1 was initially identiﬁed as an Akt-binding
protein, and was shown to be involved in various signaling pathways
through binding to receptors for these pathways [24–26]. These authors
showed that the amount of PI3P in early endosomes affects signaling
through APPL-endosomes, which are the precursor of EEA1-positive
endosomes. They also showed that depletion of PI3P from early
endosomes results in expansion of the APPL compartment and in
enhanced signaling by growth factor receptors via Akt and MAPK
[24,25]. Therefore, a decrease in the amount of PI3P in endosomes
would perturb the association of FYVE domain proteins with early
endosomes, and as a consequenceperturb endosomalmaturation. In turn,
thiswould lead to the inhibition of awide range of endocytotic trafﬁcking
pathways and signal transduction via endosomes.
The effect of oxidative stress on endocytosis has been studied
extensively to date, but the results of these studies are controver-
sial and depend on the type of ligand and cell used. For example,
oxidative stress inhibits the endocytosis of scavenger receptor class
A [27], internalization of insulin [28], internalization of EGFR [29],
and the internalization and endocytic transport of Tf [30]. In
contrast, treatment with H2O2 accelerates the nonspeciﬁc uptake of
horseradish peroxidase (HRP) in baby hamster kidney (BHK) cells
or mouse embryonic ﬁbroblasts [31]. Many factors that regulate H2O2-
dependent vesicular transport in cells have been elucidated so far.
Among the factors that are involved in endocytosis under oxidative
stress, a particular role has been shown for p38 MAPK, a kinase that is
activated under stress conditions. It has been demonstrated that the
activation of p38MAPK by UV irradiation or incubation with TNF-alpha
[32] or anisomycin [33] induces the activation and ligand-independent
internalization of EGFR. In addition, Cavalli et al. [31] have shown that
p38, which is activated by H2O2, stimulates the formation of the Rab5/
Rab-GDI complex both in vivo and in vitro, and accelerates the
endocytosis of HRP. Given that p38 MAPK has an emerging role in
biological processes that are involved in different pathologies [34], it is
important to understand how p38 acts as a stress-activated regulator of
endocytosis.
In thework described herein, we have developed a novel analytical
method to quantify the amount of PI3P in endosomes using a GST-
2xFYVE protein probe and a semi-intact cell system. Using this
method, we found that treatment of HeLa cells with H2O2 decreased
the amount of PI3P in endosomes in a p38 MAPK-dependent manner.
We also examined the effect of H2O2 treatment on various endocytic
pathways: the lysosomal degradation of EGFR, the retrograde
transport of cholera toxin from the plasma membrane to the TGN,
and the uptake and recycling of Tf. Treatment with H2O2 delayed
endocytic transport in general, especially with respect to post-early
endosome transport. The retrograde transport of cholera toxin was
especially dependent on the amount of PI3P in endosomes.
2. Materials and methods
2.1. Reagents and antibodies
GTP, ATP, creatine phosphate, creatine kinase, protease inhibitors
(antipain, chymostatin, pepstatin A, and leupeptin), and 3-aminotriazole
(3-AT)were obtained from Sigma. Propidium iodidewas purchased fromMolecular Probes. Wortmannin, SB203580, and SB202190 were pur-
chased from Calbiochem. Other reagents were purchased from Wako
Chemicals. The followingprimary antibodieswereused:mouse anti-EEA1
antibody (BD Transduction Laboratories); rabbit anti-EEA1 antibody
(Acris antibodies); rabbit anti-EGFRantibody (SantaCruzBiotechnology);
mouse anti-GAPDH antibody (Millipore); mouse anti-p230 antibody (BD
Transduction Laboratories); rabbit anti-Rab5 antibody (Cell Signaling
Technology); rabbit anti-PI3 kinase class III antibody (Cell Signaling
Technology); rabbit anti-p38 antibody (Cell Signaling Technology); rabbit
anti-phospho-p38 MAPK antibody (Cell Signaling Technology); rabbit
anti-SARA antibody (Abcam); Alexa 488-conjugated anti-GST antibody
(Molecular Probes). The following secondary antibodies were used: HRP-
conjugated anti-mouse (Upstate Biotechnology) or anti-rabbit (Chemi-
con) antibodies; Cy2-conjugated anti-mouse or anti-rabbit antibodies
(Chemicon); Cy3-conjugated anti-mouse or anti-rabbit antibodies
(Chemicon).
2.2. Plasmids
To synthesize the expression construct for FYVEx2 tagged with
yellow ﬂuorescent protein (YFP), a cDNA fragment for the FYVE
domain was ampliﬁed from a plasmid that encoded the FYVE domain
of mouse Hrs, a gift from Dr. Masayuki Komada (Tokyo Institute of
Technology). A copy of the cDNA fragment was subcloned into the
EcoRI and BamHI sites of the vector pcDNA3.1 Hygro (+) (Invitrogen)
and then a second copy was inserted into the BamHI and XhoI sites to
generate the coding sequence for 2xFYVE. Then, the coding sequence
for YFP was ampliﬁed by PCR from the pYFP vector (Clontech), and
inserted into HindIII/EcoRI sites in the vector.
To synthesize the GST-2xFYVE construct, the cDNA fragment that
encoded 2xFYVE was ampliﬁed from the YFP-2xFYVE construct, and
inserted into the EcoRI/XhoI sites of pGEX-5X-1 (GE Healthcare). The
construct for GFP-tagged VSVGts045 was a gift from Dr. Jennifer
Lippincott-Schwartz (National Institutes of Health, USA).
2.3. Preparation of membrane fractions
HeLa cells that had been incubated with or without 500 μM H2O2
for 10 min were scraped in transport buffer (TB; 25 mM HEPES-KOH,
pH 7.4, 115 mM potassium acetate, 2.5 mM MgCl2, 2 mM EGTA)
supplemented with protease inhibitors (5 μg/ml antipain, chymosta-
tin, pepstatin A, and leupeptin) on ice, and homogenized by passing
30 times through a 27 G needle. Post-nuclear supernatants were
obtained by centrifuging the homogenized cells at 1000×g for 5 min
at 4 °C. The supernatants were further centrifuged at 200,000×g for
15 min at 4 °C using an Optima TLX ultracentrifuge (Beckman) and a
TLA100.3 rotor to pellet the membranes. The membranes were lysed
in sample buffer and subjected to western blotting. The concentration
of protein in the cytosolic fraction was determined using a Bio-Rad
Protein Assay Kit (Bio-Rad) to allow normalization of the data.
2.4. Protein–lipid blot assay
PIP Strips and the PI(3)P Mass Strip Kit were purchased from
Echelon Biosciences. To determine the sensitivity of binding of GST-
2xFYVE protein to PI3P, we used PIP Strips, a commercially available
membrane on which various lipids are spotted, and performed a
protein–lipid blot assay in accordance with the manufacturer's
instructions. Brieﬂy, the membrane was blocked with 0.1% ovalbumin
in PBST (PBS containing 0.1% Tween-20) for 30 min. GST-tagged
2xFYVE protein (1 μg) was added, and the membrane was incubated
for 1 h. After washing with PBST three times, the membrane was
incubated with anti-GST antibody as the primary antibody and HRP-
conjugated anti-rabbit IgG antibody as the secondary antibody.
Antibody binding was detected by enhanced chemiluminescence
(Western Lightning Plus-ECL, PerkinElmer).
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which contains strips of nitrocellulosemembrane that are pre-spotted
with PI3P standards and PIP controls, and performed a lipid–protein
overlay assay in accordance with the manufacturer's instructions.
HeLa cellswere grownon 10-cmdishes, and then incubated for 10 min
in the presence or absence of 500 μM H2O2 at 37 °C. The cells were
washedwith PBS and incubated furtherwithmediumat 37 °C for 10 or
30 min. Acidic lipids were extracted from each cell sample in
accordance with the manufacturer's protocol. Brieﬂy, we washed the
cells with PBS, and added 5 ml of cold 0.5 M TCA. After incubation on
ice for 5 min, the cells were scraped and transferred into a 15-ml tube.
The cells were pelleted by centrifugation at 1500 rpm for 5 min at 4 °C,
and washed twice with 3 ml of 5% TCA/1 mM EDTA. The pelleted cells
were incubated for 10 min at room temperature with 3 ml of MeOH:
CHCl3 (2:1) and then centrifuged at 1500 rpm for 5 min at 4 °C. The
supernatant was discarded. This extraction of neutral lipids was
repeated once. Then the cell pellet was incubated for 15 min at room
temperature with 2.25 ml of CHCl3:MeOH:12 N HCl (40:40:1) to
extract the acidic lipids. After centrifugation, the supernatant was
transferred to a new15-ml tube, 0.75 ml of CHCl3were added followed
by 1.35 ml of 0.1 N HCl, and the components weremixed. Themixture
was separated into organic and aqueous phases by centrifugation. The
lower organic phase was collected and dried in a vacuum dryer. Dried
lipid samples were reconstituted with 5 μl of CHCl3:MeOH:H2O
(1:2:0.8). The samples were vortexed for 30 s, and then sonicated in
an ice water bath for 5 min. The samples were vortexed again for 30 s
and spotted onto a PI(3)P Strip. After drying at room temperature, the
PI(3)P Strip was blockedwith 3% bovine serum albumin (BSA) in PBST
for 1 h at room temperature. We then discarded the blocking solution
and added 5 ml of PI(3)P Detector solution, which is contained in the
kit and was reconstituted before use. The PI(3)P strip was incubated
for 1 h at room temperature. After washing with PBST for 5 min three
times, the strip was incubated with Secondary Detector solution for
45 min at room temperature. The strip was thenwashedwith PBST for
5 min three times and incubated with Tertiary Detector solution for
45 min at room temperature. After the strip had been washed with
PBST for 5 min a further three times, PI(3)P was detected by enhanced
chemiluminescence (Western Lightning Plus-ECL, PerkinElmer).
2.5. Recombinant proteins
To produce recombinant 2xFYVE as a glutathione S-transferase
(GST) fusion protein, the GST-2xFYVE construct described above was
transformed into Escherichia coli BL21 cells. Expression of the fusion
protein was induced by incubation with 0.5 mM IPTG at 37 °C for 2 h.
The cells were then pelleted and resuspended in sonication buffer
[50 mM Tris–HCl (pH 8.0), 50 mM NaCl, 1 mM EDTA-NaOH (pH 8.0),
1 mM DTT] containing protease inhibitor cocktail (Roche). After
sonication on ice for 15 s 10 times, cold 12.5% Triton X-100 was added
to the lysate to a ﬁnal concentration of 1% and the sample rotated at
4 °C for 30 min. After the lysate had been centrifuged at 15,000 rpm
for 20 min at 4 °C, the supernatant was collected and incubated with
Glutathione Sepharose 4B (GE Healthcare) at 4 °C for 2 h with
rotation. The beads were pelleted by centrifugation at 3000 rpm at
4 °C for 3 min, and the supernatant was discarded. The beads were
washed with 20 ml of sonication buffer three times, and then packed
into a disposable plastic column (Biorad) at 4 °C. GST-2xFYVE protein
was eluted by applying 10 mM glutathione in sonication buffer. We
collected 500-μl fractions and measured the OD280 of each fraction.
The GST-2xFYVE protein was concentrated by using a Microcon
centrifugal ﬁlter device (Millipore) and stored at −80 °C.
2.6. Transfection
Plasmids were transfected into HeLa cells using Lipofectamine LTX
(Invitrogen) in accordance with the manufacturer's instructions.Brieﬂy, HeLa cells were grown to semi-conﬂuence on cover slips in
3-cm dishes. An aliquot of plasmid (1.25 μg) was diluted in 500 μl of
OPTI-MEM (Invitrogen), 5 μl of Lipofectamine LTX reagent was added,
and the reagents mixed. After incubation at room temperature for
30 min, the solution was applied to the cells in the dish together with
2 ml of DMEM containing 10% FCS. For siRNA transfection, 2 μl of
50 μM siRNA were diluted in 150 μl of OPTI-MEM, whereas 3 μl of
Lipofectamine 2000 (Invitrogen) were diluted in 150 μl of OPTI-MEM
and incubated at room temperature for 5 min. The diluted siRNA was
combined with the diluted Lipofectamine 2000, and incubated at
room temperature for 20 min. HeLa cells that had been grown to
conﬂuence on 3-cm dishes were washed twice with OPTI-MEM. The
mixture of siRNA and Lipofectamine 2000 was applied to the cells in
1.5 ml of OPTI-MEM. After 4 h, the Lipofectamine mixture was
replaced with medium. The cells were subcultured at 24 h after
siRNA transfection. We routinely performed the experiments after
incubation for 72 h. We used following siRNAs: SignalSilence p38
MAPK siRNA I (Cell Signaling Technology, #6564) as #1; SignalSilence
p38MAPK siRNA II (Cell Signaling Technology, #6564) as #2;MAPK14
Silencer Validated siRNA (Ambion, ID1312) as #3; scramble siRNA
(Ambion).
2.7. Transport assay and morphometric analysis for Tf
HeLa cells grown on a cover slip were pretreated in the presence or
absence of 500 μM H2O2 for 10 min. The cells were washed with ice-
cold Dulbecco's modiﬁed Eagle's medium (DMEM) without fetal calf
serum (−FCS), and incubated with 10 μg/ml TRITC or Alexa 488-
conjugated Tf (Molecular Probes) in DMEM (−FCS) at 37 °C for 15 or
30 min, or on ice for 30 min. After washing twice with PBS, the cells
were incubated further with DMEM containing 10% FCS at 37 °C for
the indicated times. The cells were observed with an LSM510 confocal
microscope (Zeiss). Z-stack images were taken every 1.5 μm, and
mean ﬂuorescence intensity was measured. For the morphometric
analysis of Tf recycling, we incubated the cells with TRITC-Tf at 37 °C
for 30 min. Subsequently, the cells were incubated with or without
H2O2 for 10 min, and then incubated with medium that contained
excess unlabeled Tf at 37 °C for the indicated times. The cells were
washed with ice-cold PBS and the decrease in mean TRITC-Tf
ﬂuorescence was determined from the z-stack images obtained by
confocal microscopy.
2.8. Endocytosis assay for Alexa 488-labeled cholera toxin B
subunit (CtxB)
HeLa cells that had been grown on glass-bottomed dishes (IWAKI)
were placed on ice for 5 min. The cells were incubated with 300 μg/ml
Alexa 488-CtxB (Molecular Probes) on ice for 30 min. After washing
three times with PBS, the cells were incubated with pre-warmed
DMEM supplemented with 10% FCS at 37 °C for the indicated times.
The cells were ﬁxed and observed with an LSM510 confocal
microscope. We counted the number of cells in which Alexa 488-
CtxB was localized to the perinuclear Golgi region. Means and
standard deviations for the percentage of cells in which Alexa 488-
CtxB was localized to the perinuclear Golgi region are shown in the
graph.
2.9. EGFR degradation assay
HeLa cells were incubated with 10 ng/ml EGF (PEPRO Tech) at
37 °C for the indicated times. The cells were lysed and then subjected
to western blotting using antibodies against EGFR or GAPDH. The
intensities of the EGFR bands were quantiﬁed, and we assigned the
value of intensity [EGFR]/intensity [GAPDH] at the 0 min time point to
be 100%. The means and standard deviations are plotted in the graph.
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The cells were ﬁxedwith 3% paraformaldehyde for 30min, and then
permeabilized with 0.2% Triton X-100 in PBS for 20 min at room
temperature. After blockingwith 3% BSA or 5% skimmilk for 30min, the
cells were incubated with appropriate primary antibodies for 2 h. This
was followedby incubationwith theappropriate secondary antibody for
1 h. The cells were observed by using an LSM510 confocal microscope
with a 63× Plan-Neoﬂuar oil immersion objective (NA=1.4).
2.11. GST-2xFYVE targeting assay
HeLa cells that had been grown on cover slips were washed twice
with PBS. The cells were incubatedwith 0.2 μg/ml streptolysin O (SLO;
Bioacademia) on ice for 4.5 min. After washing three times with PBS,
the cells were incubated with TB at 32 °C for 5 min. The cells were
washed twice with TB, and subsequently were incubated with a
reaction mixture that contained an ATP regenerating system (1 mMFig. 1. Treatmentwith H2O2 dissociated YFP-2xFYVE from endosomes in HeLa cells. A. The plasm
immunostainedwithantibodies against EEA1, amarker of early endosomes, or p230, amarkerof
incubatedwith orwithout 500 μMH2O2 at 37 °C for 10 min, orwith 1 μMwortmannin at 37 °C f
thatwere expressing YFP-2xFYVEwere treatedwith 500 μMH2O2 at 37 °C for 0, 5, 15, and 30 miATP, 8 mM creatine kinase, and 50 μg/ml creatine phosphate), 1 mg/ml
glucose, 1 mMGTP, and5 μg/100 μl GST-2xFYVE at 32 °C for 15 min. The
cells were washedwith TB, ﬁxedwith 3% paraformaldehyde for 30 min,
and then permeabilized with 0.2% Triton X-100 for 20 min. After
blocking with 5% skimmilk, GST-2xFYVE was visualized with the Alexa
488-conjugated anti-GST antibody. The cells were observed and the
Z-stack images were taken every 1.5 μm by LSM510 confocal micros-
copy (Carl Zeiss). The mean ﬂuorescence intensity in control cells was
assigned as 100%. We performed the experiments triplicate, and the
means and standard deviations were shown in the graph.2.12. Flow cytometry
HeLa cells were incubated with 10 μg/ml Tf conjugated with Alexa
Fluor 488 (Molecular Probes) on ice for 30 min, followed by medium at
37 °C for0, 15, 30, and60 min.After theAlexa488-conjugatedTfhadbeen
removed by washing the cells with acidic wash buffer (DMEM, pH 4.0),id encoding YFP-tagged 2xFYVEwas transfected into HeLa cells. After 24 h, the cells were
the trans-Golgi network. Bar=10 μm.B.HeLa cells thatwere expressingYFP-2xFYVEwere
or 1 h. The cellswereﬁxed and observed by confocalmicroscopy. Bar=10 μm.C.HeLa cells
n.Dissociation ofYFP-2xFYVE fromendosomes into the cytosolwas observed. Bar=10 μm.
788 F. Kano et al. / Biochimica et Biophysica Acta 1813 (2011) 784–801the cells were trypsinized, resuspended, and subjected to ﬂow cytometry
using a Guava easyCyte 8HT ﬂow cytometry system (Millipore).
2.13. Statistical analysis
Data analysis was carried out using Student's t test. Experiments
were performed at least three times. Values are expressed as the
mean±standard deviation or S.E.M., and data were considered
signiﬁcant at *Pb0.05, **Pb0.01.
3. Results
3.1. YFP-2xFYVE protein was dispersed throughout the cytoplasm by
H2O2 treatment
To investigate the effect of the oxidative stressor H2O2 on the
intracellular localization of PI3P in HeLa cells, we expressed a
recombinant protein that consisted of a tandem repeat of the FYVE
peptide sequence, a domain that binds speciﬁcally to PI3P, tagged
with YFP (YFP-2xFYVE) in HeLa cells. As described by others [35], YFP
ﬂuorescence was observed as punctate structures throughout the
cytoplasm. Immunoﬂuorescence analysis revealed that the dots of YFP
ﬂuorescence were colocalized with EEA1, a marker of the early
endosome, but not with p230, amarker of the TGN (Fig. 1A). However,
as has been reported by other researchers [36], we observed thatFig. 2. H2O2 treatment decreased the intracellular amount of PI3P. A. Lipid blot of GST-2xFYV
was incubated with GST-2xFYVE recombinant protein. GST-2xFYVE speciﬁcally recognized
H2O2). After the treatment, the cells were washed and incubated with medium at 37 °C for
lipid blot analysis for PI3P was performed as described in Materials and methods. C. Standar
serially diluted PI3P shown in B and assigned the intensity of 20 pmol as 100%. The mean
regression line, y=4.7237x−4.6584, and the R2 value was 0.943. D. Using the standard cu
content of PI3P in control cells as 100% to allow comparison between experimental samples
are shown in the graph. Data analysis was carried out by applying the Student's t-test. **PbEEA1-positive endosomes in cells that expressed YFP-2xFYVE were
dilated compared with intrinsic ones (data not shown). Despite this
perturbation of endosomal structures by overexpression of the fusion
protein, YFP-2xFYVE dissociated from endosomes and diffused
throughout the cytoplasm after treatment with wortmannin, which
is an inhibitor of PI3 kinase (Fig. 1B, H2O2 and wortmannin). This
ﬁnding indicated that YFP-2xFYVE recognized PI3P even in the trans-
fected cells.
Next, we examined the localization of YFP-2xFYVE in H2O2-treated
or untreated HeLa cells. As shown in Fig. 1B (H2O2) and C (5 min), the
ﬂuorescence of YFP-2xFYVE that was associated with the endosomes
became blurred and dispersed throughout the cytoplasm even after
treatment with 500 μMH2O2 for only 5–10 min. After incubation with
H2O2 for 15 or 30 min, the YFP-2xFYVE ﬂuorescence had disappeared
from endosomes and diffused more into the cytoplasm (Fig. 1C, 15
and 30 min). These results suggested that treatment with H2O2
reduced the amount of PI3P in endosomes.
To examine directly the reduction in the amount of PI3P associated
with endosomes in H2O2-treated cells, we performed lipid blot analysis
(see Materials and methods). Firstly, we conﬁrmed the speciﬁcity of
binding of 2xFYVE protein to PI3P using PIP Strips (Eschelon), on which
various lipids were prespotted. Brieﬂy, after blocking with BSA, we
incubated the PIP Strips with GST-tagged 2xFYVE protein (GST-
2xFYVE). The membranes were washed, and incubated with anti-GST
antibody as the primary antibody and HRP-conjugated anti-rabbit IgG
antibody as the secondary antibody. Antibody binding was detected byE. A nitrocellulose membrane onto which a variety of lipids had been spotted (PIP Strip)
PI3P. B. HeLa cells were incubated with or without 500 μM H2O2 for 10 min (pre and
10 and 30 min (washout 10 min and 30 min). Lipids were extracted from the cells and
d curve of PI3P derived by lipid blot analysis. We quantiﬁed the intensity of the dots of
s and standard deviations are shown in the graph. N=4. The line indicates the linear
rve for each blot, we quantiﬁed the intracellular PI3P in each sample and assigned the
. The experiments were performed in triplicate, and the means and standard deviations
0.01.
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speciﬁcally recognized and bound to PI3P. Secondly, we directly
measured the reduction in PI3P due to H2O2 treatment by lipid blot
analysis using a PI3PMass StripKit,which is a commercially available kit
for the detection and quantiﬁcation of speciﬁc lipids in cell lysates
(Fig. 2B). HeLa cells were incubated with or without 500 μM H2O2 for
10 min. After the treatment, the cells were washed and incubated with
mediumat 37 °C for 10 and 30 min. Total lipidswere extracted from the
cells and spotted onto themembrane strip as described inMaterials andFig. 3. The GST-2xFYVE targeting assay in semi-intact cells to estimate the content of intrace
and H2O2). After the treatment, the cells were washed and incubated withmedium at 37 °C fo
cells were incubated with 1 μM wortmannin for 2 h. The cells were then permeabilized wit
ﬁxed and immunostained using antibodies against GST and EEA1. Arrows indicate the GST-F
50 μg/ml Alexa 488-Tf at 37 °C for 30 min to label the endosomal compartments. HeLa cells w
washed out, the cells were further incubated with medium for 15 (15 min) or 30 min (30
antibody. Bar=10 μm.methods. Then, PI3P was detected in accordance with the manufac-
turer's instructions. We quantiﬁed the intensity of the dots of serially
dilutedPI3P and generated a standard curve for PI3P (Fig. 2C). The linear
regression line was y=4.7237x−4.6584 and the R2 value was 0.943,
which indicated that the linear ﬁtted curve could be used to predict the
content of PI3P from the intensity of the dot. Using the standard curve
for each blot, we quantiﬁed the intracellular PI3P in each sample and
assigned a value of 100% to the content of PI3P in control cells to allow
comparison between experimental samples. The experiments werellular PI3P. A. HeLa cells were incubated with or without 500 μM H2O2 for 10 min (pre
r 15 or 30 min (washout 15 min and 30 min). In the samples labeled wortmannin, HeLa
h streptolysin O and subjected to the GST-2xFYVE targeting assay. Then the cells were
YVE-positive, EEA1-negative structures. Bar=10 μm. B. HeLa cells were incubated with
ere incubated with 500 μMH2O2 for 0 (pre) or 10 min (H2O2). After the H2O2 had been
min). The cells were subjected to immunoﬂuorescence analysis using the anti-EEA1
Fig. 3 (continued).
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shown in the graph. As shown in Fig. 2B and D, treatment with H2O2
decreased the PI3P content to 48.12±3.64%, compared to 100% in
control cells. Interestingly, after theH2O2 had beenwashed out, the PI3P
content recovered rapidly to 98.56±0.61% and 91.94±2.55% after
incubation for 10 and 30 min in medium, respectively. The fact that the
YFP-2xFYVE probe was targeted speciﬁcally to endosomes, and not to
other organelles, implied that PI3P was restricted to endosomes.
Therefore, these results indicated that treatment with H2O2 reduced
the amount of PI3P in endosomes.
In addition, we performed the thin layer chromatography (TLC)
method to detect the difference in lipid contents between cells,
which had or had not been treated with H2O2. Total lipids were
extracted from H2O2-treated or untreated HeLa cells, and then
separated using TLC. As shown in Supplementary Fig. 1A, for the
majority of lipids, the content did not change between the H2O2-
treated and untreated cells. The intensity of the spots of phospha-
tidylcholine/phosphatidylserine, phosphatidylethanolamine,
phosphatidic acid, and phosphatidylinositol did not vary between
the samples extracted from control cells and those extracted from
H2O2-treated cells (Supplementary Fig. 1A). These results sug-
gested that H2O2 treatment did not perturb the intracellular lipids
severely. To investigate the effect of H2O2 treatment on phosphoi-
nositide levels further, we isolated the acidic lipids as described in
Materials and methods, and analyzed the acidic lipids by TLC.
Several spots were detected and the pattern of spots was nearly
unchanged by H2O2 treatment (Supplementary Fig. 1B), although
we observed that PA appeared to be decreased by H2O2 treatment
for unknown reasons. We found that it was difﬁcult to separate and
distinguish PI3P, PI4P, and PI5P by TLC. The percentage of the spots
that corresponded to PIP appeared to be increased slightly in H2O2-treated cells as comparedwith control cells (Supplementary Fig. 1B,
and C 19.86±4.42% in control cells and 25.20±5.61% in H2O2-
treated cells) but the P values were N0.05, which indicated no
signiﬁcant changes of ratio in phosphatidylinositol contents by
H2O2 treatment.
3.2. A semi-intact cell assay allows quantiﬁcation of the amount of
endogenous PI3P in endosomes
One of the concerns in using the YFP-2xFYVE probe to study the
role of PI3P in the endosome or endosome-related membrane
trafﬁcking was that overexpression of the probe might activate the
fusion of endosomes and result in the enlargement of endosomal
structures (Fig. 1). This enlargement could affect the localization of
endosomal proteins and perturb the amount of PI3P in the
endosomal membrane, which in turn could disrupt the function of
the endosome.
To eliminate the artiﬁcial effect of overexpression of YFP-2xFYVE
on the estimation of the amount of PI3P in endosomes, we have
developed a new analytical method using recombinant GST-2xFYVE
protein and a semi-intact cell system. Semi-intact cells are cells
whose plasma membrane has been permeabilized with streptolysin
O (SLO). We have used such cells to analyze various intracellular
events, such as cell cycle-dependent morphological changes in the
Golgi, endoplasmic reticulum (ER), and ER exit sites, and membrane
trafﬁcking between these organelles [37–39]. In this case, HeLa cells
were incubated with/without 500 μM H2O2 for 10 min. After
treatment, the cells were washed and incubated with medium at
37 °C for 15 or 30 min. Then, the cells were permeabilized with SLO
and subjected to the semi-intact cell assay described below. Brieﬂy,
we added 5 μg of GST-2xFYVE probe, together with an ATP-
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Incubation without cytosol is crucial to halt the progression of
physiological events within the endosomes. After incubation with
GST-2xFYVE at 32 °C for 15 min, the semi-intact cells were ﬁxed and
subjected to immunoﬂuorescence analysis using antibodies against
GST and EEA1. We detected many GST-2xFYVE-positive punctate
membranous structures throughout the cytoplasm of the semi-intact
cells (Fig. 3A, pre). Immunoﬂuorescence analysis revealed that the
punctate ﬂuorescent structures were stained in part with the early
endosomal marker, EEA1 (Fig. 3A, pre). It is noteworthy that early
endosomes appeared to have retained their small punctate structure
in this semi-intact cell assay, compared with the endosomes seen in
cells that overexpressed YFP-2xFYVE (Fig. 1A). We determined that
treatment with H2O2 for 10 min was sufﬁcient to induce the
dispersal of GST-2xFYVE and EEA1 throughout the cytoplasm
(Fig. 3A, H2O2), which suggested that these molecules dissociated
from endosomes into the cytosol very rapidly upon the addition of
H2O2. Interestingly, the H2O2-induced dissociation of GST-2xFYVE
and EEA1 from endosomes was reversible. After the H2O2 had been
washed out, EEA1 was recruited back rapidly to early endosomes and
GST-2xFYVE reappeared in EEA1-positive endosomes (Fig. 3A,
washout 15 min and 30 min), which indicated that the structures
to which GST-2xFYVE was targeted after H2O2 was washed out were
canonical endosomes. In addition, we observed that, upon treatment
with wortmannin, GST-2xFYVE was dispersed throughout cytoplasm
(Fig. 3A, wortmannin). The results of the lipid blot analysis showed
that that the intracellular levels of PI3P recovered rapidly after H2O2
had been washed out (Fig. 2B), but they did not reveal the location of
the PI3P within the cell. The data obtained with the GST-2xFYVE
protein conﬁrmed that the PI3P content within endosomes recovered
rapidly after H2O2 had been washed out. These results, together with
the ones obtained by lipid blot analysis and shown in Fig. 2,
suggested that the semi-intact cell assay could be suitable to detect
the endogenous intracellular localization of PI3P and to estimate the
amount of intrinsic PI3P in cells.Fig. 4. The FYVE domain proteins EEA1 and SARA were dissociated from membranes by H2O
pre). After the H2O2 had been washed out, the cells were further incubated with medium at
blotting using antibodies against EEA1 and SARA. B. H2O2 treatment did not affect the total a
and subjected to western blotting using antibodies against EEA1, SARA, and GAPDH. C. Q
that corresponded to membrane-bound EEA1 and SARA shown in A were quantiﬁed and val
the band intensity of membrane-bound EEA1 or SARA in control cells as 100%. We performed
**P values were b0.01.3.3. The morphology of the endosomes was not affected severely by
H2O2 treatment
Although GST-2xFYVE and EEA1 reassociated with endosomes
upon the removal of H2O2, it is possible that H2O2 has a severe effect
on endosomal morphology. To investigate this, we labeled endo-
somes with Alexa 488-conjugated Tf (Alexa488-Tf). First, HeLa cells
were incubated with 50 μg/ml Alexa488-Tf at 37 °C for 30 min to
label the endosomal compartments. The cells were then treated with
500 μM H2O2 at 37 °C for 10 min. After the H2O2 had been washed
out, the cells were further incubated with medium that contained
Alexa488-Tf at 37 °C for 0, 15, and 30 min, and immunostained with
antibody against EEA1. As shown in Fig. 3B (pre), we observed that
EEA1 was partially colocalized with Tf-positive endosomes before
treatment with H2O2. Upon incubation with H2O2, EEA1 dissociated
from endosomes and diffused throughout the cytoplasm, even
though the morphology of the endosomes labeled with Alexa488-
Tf was unaffected (Fig. 3B, H2O2). We also conﬁrmed that EEA1
reappeared in Tf-positive endosomes after H2O2 was washed out
(Fig. 3B, washout 15 min and 30 min). These results indicated that
treatment with H2O2 did not cause severe damage to the morphol-
ogy of the endosomes.
3.4. The FYVE domain protein SARA dissociated from endosomal
membranes upon H2O2 treatment
We also examined the localization and/or membrane association of
another endogenous FYVE domain protein, SARA. Given that we could
not obtain an anti-SARA antibody that was suitable for immunoﬂuo-
rescence, we investigated the membrane association of SARA biochem-
ically. Membrane fractions were collected from HeLa cells that had or
had not been treated with H2O2 andwere subjected towestern blotting
with an anti-SARA antibody (Fig. 4A, SARA). The intensity of the bands
was quantiﬁed as described in the legend for Fig. 4C. As shown in Fig. 4C,
in H2O2-treated cells, the amount of membrane-associated SARA2 treatment. A. HeLa cells were incubated with or without H2O2 for 10 min (H2O2 and
37 °C for 15 or 30 min. The membrane fraction was collected and subjected to western
mount of EEA1 and SARA in the cells. H2O2-treated and untreated HeLa cells were lysed
uantiﬁcation of membrane-associated EEA1 and SARA. The intensities of the bands
ues were expressed as the mean±S.E.M. (N=5 for EEA1 and 3 for SARA). We assigned
these experiments in triplicate. These results were veriﬁed by applying Student's t-test.
Fig. 5. H2O2 treatment delayed the endocytic trafﬁcking of EGFR and cholera toxin. A. H2O2-treated (+H2O2) or untreated (−H2O2) HeLa cells were incubated with 10 ng/ml EGF at
37 °C for 0, 15, 30, and 60 min. EGFR and GAPDH in the cell lysates were detected by western blotting. B. The band intensities of EGFR were quantiﬁed, and we assigned the value of
intensity [EGFR]/intensity [GAPDH] at the 0 min time point as 100%. The means and standard deviations are plotted in the graph. Open circles represent control cells, and closed
circles represent H2O2-treated cells. Three independent experiments were performed. C. H2O2-treated (H2O2) or untreated (control) HeLa cells were incubated with TRITC-labeled
cholera toxin B subunit (CtxB, red) on ice for 30 min. After the H2O2 had been washed out, the cells were incubated with medium at 37 °C for 5, 15, 30, and 45 min. The cells were
ﬁxed and stained with anti-p230 antibody (green). Bar=10 μm. D. The number of cells in which CtxB was localized to the Golgi was counted, and the means and standard deviations
of the percentages are plotted in the graph. Three independent experiments were performed. Open circles represent control cells, and closed circles represent H2O2-treated cells.
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had beenwashed out, SARA reassociated with themembrane within 15
or 30 min (56.57±3.88% or 77.12±3.41%, respectively), in a similar
manner to EEA1 (Fig. 4B, SARA). We conﬁrmed that the total amount of
EEA1 and SARA in the cells did not change (Fig. 4B).
Collectively, the results obtained with the semi-intact cell system
show that treatment with H2O2 reduces the amount of PI3P in
endosomes and results in the rapid dissociation of both GST-2xFYVE
and FYVE domain proteins from endosomal membranes. The
observation that the content of PI3P appeared to be restored shortlyFig. 6.H2O2 treatment delayed the recycling of transferrin. A.H2O2-treated (H2O2) oruntreated (
ice for 30 min. Thecellswerewashed and chasedat 37 °C for0, 5, 10, 15, and30 min. The cellswe
TRITC-Tf bound to theplasmamembranewasquantiﬁedmorphometrically in control (−) andH
TRITC-Tf on ice for 30 min. After the cells had been incubatedwithmedium at 37 °C for the ind
was quantiﬁed. Three independent experiments were performed and 40 cells were analyzed i
values at 10 min and 15 minwere b0.01. D. After the cells had been incubatedwith TRITC-Tf at 3
20, 30, and 40 min. The cells were ﬁxed and the ﬂuorescence intensity in each cell was quanti
experiment. Statistical analysiswas carried outbyapplyingStudent's t-test. The P valuesat10 m
cells were incubated with Alexa488-Tf as described in C, and then trypsinized. The ﬂuorescen
ﬂuorescence intensity in each sample. F. Theﬂuorescence intensity of cells inwhich pre-bound T
bars represent control cells, and the black ones representH2O2-treated cells. Three independent
t-test. The P value at 0 or 2 min was N0.05. G. The ﬂuorescence intensity of cells in which pre
cytometry. The ﬂuorescence intensity of control cells at 0 min was assigned as 100%. The mean
performed and statistical analysis was carried out by applying Student's t-test. The P value at 1after the H2O2 had been washed out suggests that PI3P is
resynthesized or resupplied to endosomal membranes promptly.
3.5. A range of endocytic pathways was delayed by H2O2 treatment
EEA1 is reported to play a critical role in endosomal processing,
especially endosomal fusion [40,41]. Given that we found that EEA1
was dissociated from early endosomes by treatment with H2O2, we
examined the effect of H2O2 on membrane trafﬁcking, especially
endocytic pathways.control)HeLa cellswere incubatedwith 100 μg/ml TRITC-labeled transferrin (TRITC-Tf) on
reﬁxed andobservedbyconfocalmicroscopy.Bar=10 μm.B. Theﬂuorescence intensity of
2O2-treated (+) cells. C.H2O2-treated (●) oruntreated (○)HeLa cellswere incubatedwith
icated times, they were ﬁxed and the ﬂuorescence intensity of Tf that remained in the cells
n each experiment. Statistical analysis was carried out by applying Student's t-test. The P
7 °C for 15 min, theywere treatedwithH2O2 for 10 min, and then chased at 37 °C for 0, 10,
ﬁed. Three independent experiments were performed and 40 cells were analyzed in each
in and20 minwereb0.01and theP value at30 minwasb0.05. E.H2O2-treatedor untreated
ce intensity per cell was measured by ﬂow cytometry. The blue lines represent the mean
f had been internalized at 37 °C for 0 or 2 minwasmeasured byﬂowcytometry. Thewhite
experimentswere performed and statistical analysiswas carried out by applying Student's
-bound Tf had been internalized at 37 °C for 0, 5, 15, and 30 min was measured by ﬂow
s and standard deviations are plotted in the graph. Three independent experiments were
5 min was b0.05.
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subsequent degradation of EGFR in lysosomes after the addition of
EGF to H2O2-treated and untreated cells. H2O2-treated and untreated
HeLa cells were incubated with 10 ng/ml EGF at 37 °C for 0, 5, 15, 30,and 60 min. The cells were lysed and the amount of EGFR associated
with the cells was determined by western blotting. In the untreated
cells, EGFR was degraded to approximately 60% of the original level
within 5 min after the addition of EGF (Fig. 5A and B, −H2O2). In
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H2O2-treated cells and only approximately 10% of the EGFR was
degraded 5 min after the addition of EGF (Fig. 5A and B, +H2O2). After
incubation for 60 min, H2O2 no longer showed an inhibitory effect
and the amount of EGFR in both treated and untreated cells had
decreased to a similar level, approximately 30% of the initial amount
(Fig. 5A and B). The different kinetics of EGFR degradation in the
H2O2-treated and untreated cells indicated that an early step in the
endocytosis of EGFR was perturbed in the treated cells.
Secondly, we examined the endocytosis of CtxB in H2O2-treated
and untreated HeLa cells. CtxB is internalized and trafﬁcked to
endosomes in a clathrin-independent (caveolae-dependent) manner,
and then is transported to the ER via the Golgi apparatus. To estimate
the retrograde transport of endocytosed CTxB from endosomes to the
Golgi, we performed the morphometric analysis described in
Materials and methods. We conﬁrmed that the amount of CtxB that
bound to the plasma membrane was similar in H2O2-treated and
untreated cells (96.17±2.71% in H2O2-treated cells, when the amount
in control cells was assigned as 100±5.76%, by ﬂow cytometry). The
rate of internalization and trafﬁcking to endosomes in H2O2-treated
cells appeared to be indistinguishable from that in untreated cells
(Fig. 5C). However, as shown in Fig. 5D, the accumulation of CtxB at
the Golgi was delayed by treatment with H2O2, but after the cells had
been incubated for 60 min, the same amount of CtxB had accumulated
at the Golgi in both H2O2-treated and untreated cells. These results
suggest that an early step of endocytosis, probably after internaliza-
tion, is perturbed in H2O2-treated cells, but the total amount of CtxB
that is internalized or transported is not affected by the treatment.
Thirdly, we investigated the effect of H2O2 treatment on the uptake
and subsequent recycling of Tf. Fluorescently labeled Tf (TRITC-Tf)
captures Fe ions and binds to the Tf receptor (TfR) on the plasma
membrane, even at 4 °C. Then the complex of ﬂuorescent TRITC-Tf and
the TfR is internalized and transported to endosomes. When exposed
to the lower pH within endosomes, the Fe ions are released and Tf
together with the receptor is recycled back to the plasma membrane.
Firstly, we incubated H2O2-treated and untreated HeLa cells with
TRITC-Tf on ice for 30 min and then removed unbound TRITC-Tf by
extensive washing with ice-cold PBS. The cells were incubated at
37 °C for 0, 5, 10, 15, and 30 min, and then ﬁxed and observed under a
confocal microscope. We could not detect any signiﬁcant difference in
the ﬂuorescence intensity of TRITC-Tf that was associated with the
plasmamembrane betweenH2O2-treated and untreated cells (Fig. 6A:
0 min and B). This indicated that the ability of TRITC-Tf to bind to the
receptor was not inﬂuenced by treatment with H2O2. TRITC-Tf was
internalized into the cells and localized to punctate structures after
incubation for 5 min in both H2O2-treated and untreated cells (Fig. 6A,
5 min). In untreated cells, the ﬂuorescent signal of TRITC-Tf decreased
to 68.7±10.2% and 41.3±7.9% of the original level after 10 min and
15 min, respectively. However, in H2O2-treated cells, the decline in
the ﬂuorescence of TRITC-Tf was delayed and it had only decreased to
94.1±16.6% of the original level after 10 min, and 68.7±17.6% after
15 min (Fig. 6C). After 30 min, both H2O2-treated and untreated cells
contained less than 30% of the original amount of TRITC-Tf (Fig. 6C).
These results indicated that H2O2 treatment might inhibit mainly the
recycling of TRITC-Tf/TfR, rather than its internalization.
To conﬁrm that the recycling process was inhibited by H2O2
treatment, we performed two types of experiment: morphometric
analysis and ﬂow cytometry. For the morphometric analysis, we
treated the cells with H2O2 after TRITC-Tf had internalized, and
measured the decrease in TRITC-Tf ﬂuorescence in the cells due to
recycling into the medium. First, we incubated the cells with TRITC-Tf
at 37 °C for 30 min. After this incubation, TRITC-Tf was observed
mainly in endosomes or to some degree in the plasma membrane
(Supplementary Fig. 2). The cells were incubated with or without
H2O2 for 10 min, and then incubated with medium in the presence of
excess unlabeled Tf at 37 °C for the indicated times. The cells werewashed with ice-cold PBS and the decrease in the ﬂuorescence of
TRITC-Tf was determined from the z-stack images obtained by
confocal microscopy. We conﬁrmed that the total amount of TRITC-
Tf ﬂuorescence in H2O2-treated cells was indistinguishable from that
in untreated cells (Fig. 6D). In contrast, as shown in Fig. 6D, TRITC-Tf
ﬂuorescence decreased more slowly in H2O2-treated cells than in
untreated cells. This suggests that the recycling of TRITC-Tf from
endosomes to the cell surface/mediumwas substantially perturbed in
H2O2-treated cells.
To quantify the rate of Tf recycling more precisely, we measured
the total amount of Alexa488-Tf that remained in each cell after
different chase times using ﬂow cytometry. We conﬁrmed that the
amount of Alexa488 conjugated-Tf (Alexa488-Tf) that bound to the
plasma membrane was almost identical in H2O2-treated and untreat-
ed cells (Fig. 6E and F, 0 min). After a 2 min or 5 min chase, the
difference in the ﬂuorescence intensity of Alexa488-Tf between H2O2-
treated cells and untreated cells was the same as that observed for a
chase of 0 min (Figs. 6E, 5 min and 6F, 2 min), which indicated that
the internalization of Alexa488-Tf occurred at a similar rate in both
types of cell. After a 15 min chase time, the Alexa488-Tf in untreated
cells had decreased to approximately 60% of the initial value, which
suggested that the internalized Alexa488-Tf had been recycled from
endosomes to the plasma membrane/medium. In contrast, in the
H2O2-treated cells, almost all of the Alexa488-Tf remained in the
cells after 15 min (Fig. 6G, 15 min). Again, these results suggest that
H2O2 treatment perturbs mainly the recycling step of the endocytic
pathway of Tf.
Finally, we examined the effect of H2O2 treatment on the kinetics
of exocytic transport of VSVGts045 tagged with GFP (VSVG-GFP),
which is a marker of anterograde transport, by using morphometric
analysis [39]. The morphometric analysis conﬁrmed that exocytic
transport of VSVG-GFP occurred normally in H2O2-treated and
untreated cells (Supplementary Fig. 3).
Taken together, our results demonstrated that H2O2 affects the
early steps of endocytosis, in particular post-endosomal pathways,
including: 1] the transport of EGFR from endosomes to the lysosome;
2] the transport of CtxB from endosomes to the Golgi apparatus; and
3] the recycling of Tf from endosomes to the plasma membrane. A
reduction in the amount of PI3P in endosomes might be involved in
the perturbation of post-endosomal trafﬁcking during endocytosis. In
contrast, H2O2 treatment appeared to have no effect on the normal
exocytic pathway, as exempliﬁed by the transport of VSVG-ts045.
3.6. SB203580, a p38 MAPK inhibitor, and knockdown of p38 MAPK
inhibited H2O2-induced depletion of PI3P from endosomes
Cavalli et al. [31] reported that p38MAPK stimulates the formation
of the Rab5:Rab-GDI complex, which regulates early endocytic
membrane trafﬁc. They showed that, upon treatment with H2O2,
EEA1 is distributed throughout the cytosol in a p38 MAPK-depen-
dent manner. As a consequence, we hypothesized that p38 MAPK
plays a role in the H2O2-induced depletion of PI3P from endosomes.
To test this hypothesis, we treated HeLa cells with 30 μM SB203580,
which is an inhibitor of p38 MAPK, for 50 min at 37 °C and then
added 500 μM H2O2 for 10 min. We conﬁrmed that SB203580 in-
hibited the H2O2-induced phosphorylation/activation of p38 under
these conditions by western blotting using an anti-phospho-p38
antibody (Supplementary Fig. 4). Then, we performed the GST-
2xFYVE targeting assay as described in Materials and methods
to estimate the PI3P content in the cells. Interestingly, SB203580
inhibited the H2O2-induced dissociation of GST-2xFYVE from
endosomes (Fig. 7A and B, H2O2 and SB+H2O2). We also conﬁrmed
that another inhibitor of p38, SB202190, inhibited the H2O2-induced
dissociation of GST-2xFYVE (Fig. 7B. SB202190+H2O2). Further-
more, a different inducer of oxidative stress, 3-aminotriazole (3-AT),
which does not activate p38MAPK, did not induce the dissociation of
Fig. 7. A p38 inhibitor prevented the H2O2-mediated depletion of PI3P and dissociation of FYVE domain proteins from endosomes. A. HeLa cells were incubated with (H2O2) or
without (control) 500 μM H2O2 for 10 min, with 10 mM 3-aminotriazole for 60 min (3-AT), with 30 μM SB203580 for 60 min (SB203580), or with 30 μM SB203580 for 50 min and
then with H2O2 for an additional 10 min (SB+H2O2). PI3P in the cells was visualized by the GST-FYVE targeting assay (FYVE). In addition, cells were treated as described above and
then immunostained with antibodies against EEA1 or Rab5. B. The ﬂuorescence intensity of cells in which GST-FYVE had been introduced to visualize intracellular PI3P was
quantiﬁed. The ﬂuorescence intensity of the control cells was assigned as 100%. We performed these experiments in triplicate, and the means and standard deviations are plotted in
the graph. The results were veriﬁed by applying Student's t-test. **P value was b0.01.
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suggest that the reduction in the amount of PI3P that occurred upon
treatment with H2O2 depended on the activation of p38 MAPK.
Next, we examined the effect of SB203580 treatment on H2O2-
induced changes in the localization of EEA1 and Rab5 by immuno-
ﬂuorescence. As shown in Fig. 7A (EEA1), EEA1 remained localized to
endosomes in the presence of both SB203580 and H2O2. Given that
EEA1 is recruited to early endosomes by binding to PI3P, these results
support the hypothesis that, in the presence of SB203580, PI3P
remains in endosomes in H2O2-treated cells. Similarly, Rab5 was
localized to punctate structures throughout the cytoplasm in control
cells, and dissociated from endosomes upon treatment with H2O2
(Fig. 7A and B, Rab5, control and H2O2). In addition, Rab5 remained
associated with endosomes in H2O2-treated cells in the presence of
SB203580 (Fig. 7A, Rab5, SB+H2O2). We also conﬁrmed that 3-AT did
not induce the dissociation of Rab5 from endosomes (Fig. 7A, Rab5,3-AT). These results indicate that EEA1 and Rab5 also dissociated from
endosomes upon treatment with H2O2 in a p38 MAPK-dependent
manner.
We also knocked down p38MAPK by RNA interference (RNAi) and
examined the effect of the knockdown on the targeting of GST-
2xFYVE, and localization of EEA1 and Rab5. HeLa cells were trans-
fected with 100 pmol of three different siRNAs against p38 MAPK. At
72 h after transfection, the cells were lysed and the knockdown
efﬁciency was determined by western blotting. We found that p38
MAPK siRNA #3 resulted in the greatest decrease in p38 MAPK
expression (19.68±2.84%, also shown in Supplementary Fig. 5),
therefore we used p38 MAPK siRNA #3 for the following RNAi
experiments. Firstly, p38 MAPK siRNA-transfected HeLa cells were
treated with 500 μM H2O2 at 37 °C for 10 min, and the targeting of
GST-2xFYVE and localization of EEA1 and Rab5 were analyzed. As
shown in Fig. 8A (2xFYVE) and Fig. 8B, the targeting of GST-2xFYVE to
Fig. 8. Knockdown of p38 MAPK by RNAi prevented the H2O2-mediated depletion of PI3P and dissociation of FYVE domain proteins from endosomes. A. HeLa cells were transfected
with scramble siRNA (control siRNA) or p38 MAPK siRNA #3 (p38 MAPK siRNA). After 72 h, the cells were treated with (+) or without (−) 500 μM H2O2 for 10 min, and then
subjected to the GST-2xFYVE targeting assay (2xFYVE) or immunoﬂuorescence analysis using antibodies against EEA1 (EEA1) or Rab5 (Rab5). B. Targeting of GST-2xFYVE protein
was measured in control or p38 MAPK siRNA-transfected cells that had or had not been treated with H2O2. We assigned the ﬂuorescence intensity of the cells, that had been
transfected with scramble siRNA, as 100% and the data was analyzed as described in the legend for Fig. 7B.
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was restored in p38-MAPK-knockdown cells. GST-2xFYVE remained
associated with endosomes even in the presence of H2O2 in p38
siRNA-transfected cells (Fig. 8A, p38 MAPK RNAi, H2O2 +). The same
phenotype was observed in cells that had been transfected with the
other p38MAPK siRNAs, #1 and #2 (data not shown), which indicated
that siRNA #3 did not show any off-target effects.
We also found that the efﬁciency of targeting of GST-2xFYVE was
correlated with the phosphorylation of p38 MAPK. HeLa cells wereincubated with or without 500 μM H2O2 for 10 min, permeabilized
with SLO, and subjected to the semi-intact cell assay as described
below. Brieﬂy, the semi-intact cells were incubated with GST-2xFYVE
at 32 °C for 15 min, ﬁxed, and subjected to immunoﬂuorescence
analysis using antibodies against GST and phosphorylated p38 MAPK.
Although extensive phosphorylation of p38 MAPK and reduced
targeting of GST-2xFYVE to endosomes in most cells after treatment
with H2O2, we found that some cells exhibited weak phosphorylation
of p38 MAPK together with slight association of GST-2xFYVE with
Fig. 9. Membrane association of hVps34 was inhibited by H2O2 in a p38 MAPK-dependent
manner. A. HeLa cells were incubatedwith (H2O2) or without (ctrl) 500 μMH2O2 for 10 min,
with 10mM 3-aminotriazole for 60 min (3-AT), with 30 μM SB203580 for 60 min (SB), or
with 30 μM SB203580 for 50 min and then with H2O2 for an additional 10 min (SB+H2O2).
The membrane fraction was collected and subjected to western blotting using an antibody
against hVps34. B. The intensities of the hVps34 bands in the membrane fractions were
quantiﬁed, and that of control cellswere assigned as 100%. The concentration of protein in the
cytosolic fraction was used to normalize the data. We performed these experiments in
triplicate, and the means and standard deviations are plotted in the graph. The results were
veriﬁed by applying Student's t-test. *P value was b0.05.
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of phosphorylated p38 MAPK and GST-2xFYVE and generated the plot
shown in Supplementary Fig. 6 (x-axis: LN [mean ﬂuorescence
intensity of GST-2xFYVE], y-axis: mean ﬂuorescence intensity of
phosphorylated p38 MAPK). The linear regression line was y=
−18.601x+50.057 and the R2 value was 0.8518, which indicated the
correlation between the phosphorylation of p38 MAPK and the
targeting of GST-2xFYVE.
In addition, we found that the H2O2-induced dissociation of EEA1
and Rab5 from endosomes was also inhibited by the knockdown of
p38 MAPK (Fig. 8A, EEA1 and Rab5). These results supported the
previous results obtained with the p38 MAPK inhibitor, which
indicated that the reduction in PI3P and dissociation of EEA1 and
Rab5 upon treatment with H2O2 depended on the activation of p38
MAPK.
3.7. H2O2 treatment dissociates hVps34 from endosomes
Several reports have suggested the possibility that the amount of
PI3P in endosomes is regulated by the balance between the activities
of PI3P kinases and phosphatases [42,43]. Murray et al. [44] reported
that the targeting of hVps34, which is a kinase involved in the
production of PI3P in the endosomal membrane, to endosomes is
dependent on Rab5. As a consequence, we hypothesized that the
dissociation of Rab5 from endosomes upon H2O2 treatment results in
the inhibition of Vps34 targeting, which in turn leads to a reduction
in the amount of PI3P in endosomes. To test this, we ﬁrst tried to
examine the localization of endogenous hVps34 or overexpressed
hVps34 tagged with FLAG by immunoﬂuorescence. However, unfortu-
nately, we could not obtain an antibody that could detect endogenous
hVps34, and we discovered that overexpressed FLAG-hVps34 did not
localize to endosomesbutwasdiffused throughout the cytoplasm(Kano
et al., unpublished result). Therefore, we estimated the amount of
endogenous membrane-bound hVps34 biochemically. To do this,
untreated HeLa cells or cells that had been treated with SB203580
were incubated in the presence or absence of H2O2 for 10 min. The cells
were homogenized and the membrane fraction was isolated by
centrifugation. The protein concentration was normalized to the
amount of GAPDH in the cytoplasmic fraction. We found that H2O2
treatment resulted in the dissociation of endogenous hVps34 from
membranes (Fig. 9A and B, H2O2). In addition, as in the case of Rab5, the
H2O2-induced dissociation of hVps34 did not occur in the presence of
SB203580 (Fig. 9A and B, SB+H2O2).
Collectively, these results suggested that Rab5 dissociates from
endosomes in a p38-dependent manner in H2O2-treated cells, which
results in the inhibition of the targeting of hVps34 to endosomes,
although the precise localization of hVps34 remains unclear.
Inhibition by H2O2 of the Rab5-mediated association of hVps34 with
endosomes might reduce the production of PI3P on endosomes and
cause EEA1 and GST-2xFYVE to dissociate from endosomal mem-
branes in H2O2-treated cells.
3.8. PI3P in endosomes plays a crucial role in the retrograde transport of
cholera toxin from endosomes to the Golgi
Having found that the treatment with p38 MAPK inhibitor and
knockdown of p38 MAPK by RNAi inhibited the H2O2-induced
decrease in GST-2xFYVE at endosomes, we investigated the effect of
SB203580 on the H2O2-induced perturbation of various endocytic
pathways, in particular post-endosomal trafﬁcking. For this purpose,
HeLa cells were incubated with or without 30 μM SB203580 at 37 °C
for 50 min. The cells were then incubated for a further 10 min at 37 °C
with or without 500 μMH2O2, and subjected to transport assays for Tf,
EGFR, or CtxB.
Firstly, to analyze the transport of Tf, the cells were incubated with
Alexa488-Tf on ice for 30 min, and then with medium at 37 °C for 0,15, 30, and 60 min. After the Alexa488-Tf had been removed by
washing the cells with acidic wash buffer, the cells were trypsinized
and resuspended, and then subjected to ﬂow cytometry to measure
the amount of Alexa488-Tf that remained in the resuspended cells. As
shown in Fig. 10A, treatment with SB203580 did not affect the kinetics
of Alexa488-Tf transport in the absence of H2O2, which indicated that
the transport of Alexa488-Tf was independent of p38 MAPK under
normal conditions. In addition, the H2O2-induced delay in Tf transport
still occurred in the presence of SB203580 (Fig. 10B, SB+H2O2). These
results suggested that the inhibition by SB203580 of the H2O2-
induced reduction of PI3P in endosomes did not restore the normal
transport of Tf.
Secondly, we examined the lysosomal degradation of EGFR as
described above. We determined the amount of EGFR that escaped
lysosomal degradation after treatment with EGF for 0, 5, 15, 30, and
60 min, by western blotting. The results revealed that treatment with
SB203580 resulted in a delay in the degradation of EGFR (Fig. 10C). In
addition, we did not observe any additive effect on the delay when the
cells were treated with both H2O2 and SB203580 (Fig. 10D, SB+
H2O2). These results indicated that the H2O2-induced perturbation of
lysosomal degradation of EGFR could be attributed to factors other
than the p38-dependent depletion of PI3P.
Thirdly, the retrograde transport of CtxB from the plasma mem-
brane to the Golgi was investigated as described above. Alexa488-
conjugated CtxB (Alexa488-CtxB) was incubated with SB203580-
treated or untreated HeLa cells on ice for 30 min to allow the toxin to
bind to the receptors in the plasma membrane. After the unbound
toxin had been washed away, the cells were incubated further under
various conditions at 37 °C for 0, 15, 30, and 60 min to allow the toxin
to be transported to the Golgi apparatus via endosomes. After
incubation, the cells were ﬁxed and the number of cells in which
Alexa488-CtxB had accumulated at the Golgi was counted for each
incubation time to obtain the kinetics curves for the retrograde
transport of Alexa488-CtxB. However, as shown in Fig. 10E and F, the
Fig. 10. Effect of a p38 inhibitor on the H2O2-mediated inhibition of endocytic transport pathways. The recycling of transferrin (A), degradation of EGFR (C), and transport of cholera
toxin (E) were measured in cells that had been incubated without (○, control) or with H2O2 (●), SB203580 (△, SB,), or SB and H2O2 (▲, SB+H2O2). In B, D, and F, the means and
standard deviations for the percentage mean ﬂuorescence intensity of transferrin at 15 min (B), for the percentage EGFR intensity at 15 min (D), or for the percentage of cells in
which cholera toxin had accumulated at the perinuclear region after 30 min (F) are plotted in the graphs. In G and H, the transport of cholera toxin was measured in scramble siRNA-
transfected HeLa cells that were (●, cont RNAi +) or were not (○, cont RNAi−) treated with H2O2 or in p38 MAPK siRNA-transfected HeLa cells that were (▲, p38 MAPK RNAi +) or
were not (△, p38 MAPK RNAi +) treated with H2O2. In H, the means and standard deviations for the percentage of cells in which cholera toxin had accumulated at the perinuclear
region at 30 min are plotted. We performed these experiments in triplicate, and 300 cells were counted in each experiment. We veriﬁed the results by applying Student's t-test.
*P value was b0.01.
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treated with either SB203580 alone or SB203580 and H2O2. These
results suggested that the inhibition by SB203580 of the H2O2-
induced reduction of PI3P in endosomes restored the normal
transport of Alexa488-CtxB from the plasma membrane to the Golgi,
in other words, the disruption of CtxB transport depended largely on
the p38 MAPK-dependent depletion of PI3P from endosomes.
Furthermore, we also examined the effect of p38 MAPK knockdown
on the transport of cholera toxin. HeLa cells that had been transfected
with scramble or p38 MAPK siRNA for 72 h were treated with 500 μM
H2O2 for 10 min. The cells were incubated ﬁrst with Alexa488-CtxB on
ice for 30 min, and thenwere incubated at 37 °C for 5, 15, 30, and 60 min
to induce the retrograde transport of cholera toxin from the cell surface
to the Golgi apparatus. We found that the accumulation of Alexa488-
CtxB in the perinuclear Golgi region was inhibited in control cells by
H2O2 treatment (Fig. 10G and H, H2O2). In addition, we found that the
transport of cholera toxin to the Golgi was restored in p38 MAPK
knockdown cells that were treated with H2O2 (Fig. 10G and H, p38
MAPK RNAi, H2O2 +). These results indicated that the activation of p38
by H2O2 inhibited the transport of cholera toxin from the cell surface to
the Golgi. The results of the p38 MAPK RNAi experiments were
consistent with the results obtained using the p38 MAPK inhibitor
SB203580, and supported our previous conclusion that the H2O2-
induced inhibition of CtxB transport depends on p38 MAPK.
4. Discussion
Recently, the physiological role of PI3P in endosomes has received
a lot of attention with respect to endocytosis and signal transduction
via endosomes [23,45,46]. This is because PI3P in the endosomal
membrane seems to act as a microdomain for the recruitment of
various proteins that contain a PI3P-binding (FYVE) domain. In this
way, PI3P is involved in endosomal processing and in the transduction
of extracellular signals fromEGF and TGFβ to the nucleus via endosomes.
Recent advances in technology, which have allowed the visualization of
GFP-tagged protein probes that speciﬁcally recognize PI3P in living cells,
have accelerated such studies and have provided spatiotemporal
information about the intracellular dynamics of PI3P [14,36]. The
expression in living cells of GFP-tagged proteins that contain the FYVE
domain is used widely to visualize and analyze the dynamic behavior of
intracellular PI3P. Although this is a convenient and powerful method to
elucidate the dynamics of PI3P in living cells, a concern remains about
whether overexpression of FYVE domain proteins in living cells can
perturb the structure and/or function of the endosome. In fact, we found
that the endosome usually became enlarged in cells in which the FYVE-
containing protein probe was overexpressed (Fig. 1), as reported by
others [36].
4.1. Semi-intact cell assay to quantify the amount of PI3P revealed the rapid
H2O2- and p38 MAPK-dependent depletion of PI3P from endosomes
In this study, we have developed a novel analytical method to
quantify the amount of PI3P in endosomes using a GST-2xFYVE
protein probe and a semi-intact cell system. The method is based on
the extensive afﬁnity of the GST-2xFYVE protein probe for PI3P, either
in endosomes within cells or on lipid-blot membranes [47]. This
method enabled us to estimate quantitatively the amount of PI3P in
endosomes at speciﬁc time points under a ﬂuorescence microscope
without perturbing the morphology of the endosomes, in contrast to
overexpression of the YFP-2xFYVE probe.
Using this method we found that, in semi-intact cells, the GST-
2xFYVE probe colocalized with punctate structures labeled with EEA1
(Fig. 3A, pre). Interestingly, smaller EEA1-negative vesicles were also
observed just underneath the plasma membrane in the semi-intact
cells (Fig. 3A, pre, arrows). We speculate that these vesicles are
intermediate endosomes that are newly formed from the plasmamembrane and will mature to EEA1-positive endosomes. Zoncu et al.
[23] reported that APPL-endosomes are an intermediate station in
trafﬁcking and mature to PI3P-positive endosomes. They also stated
that PI3P is a switch that regulates the maturation of APPL-endosomes.
The smaller vesicles that we observed might be intermediate endo-
somes in a transitional state that correspond to APPL-endosomes in
which PI3P has begun to accumulate. We are now characterizing these
EEA1-negative/GST-F2xYVE-positive endosomes.
Next, using the method described above, we found that treatment of
HeLa cellswithH2O2decreased the amountof PI3P in endosomes inap38
MAPK-dependent manner but PI3P was restored rapidly after H2O2 was
removed (Fig. 3A, GST-2xFYVE). Although the dissociation of hVPS34
from endosomalmembranes could be the one of the primary reasons for
the H2O2-induced depletion of PI3P, we could not exclude the possibility
that H2O2 enhanced the degradation of PI3P or its conversion to different
species. At this time,wehavenot identiﬁed themolecular species that are
produced from PI3P as a result of H2O2 treatment. PI3P could be
converted to phosphatidylinositol by myotubularin-mediated dephos-
phorylation [43,48] and phosphatidylinositol-3,5-phosphate by PIKfyve-
mediated phosphorylation [49]. Furthermore, Ivetac et al. [50] demon-
strated that the endosomal pool of PI3P is regulated by type Ia inositol
polyphosphate 4-phosphatase, which dephosphorylates PI(3,4)P2 to
form PI3P. However, we have not been able to evaluate the phosphatase
or phosphokinase activity of these molecules in the presence of H2O2 to
date. Therefore, it remains to be determined how PI3P is depleted in an
H2O2-dependent manner.
Van der Kaay et al. [51] reported that treatment with 1 mM H2O2
for 10 min induced an increase in PI(3,4)P2 and PI(3,4,5)P3 and a
decrease in PI3P in Swiss 3T3 cells. Therefore, PI(3,4)P2 or PI(3,4,5)P3
might not be converted to PI3P in the presence of H2O2. However, as
shown by thin layer chromatography, the PIP content did not change
in cells that had been treated with H2O2. This was unexpected because
the results of the GST-2xFYVE targeting assay and the lipid blot
analysis revealed that the level of PI3P was decreased by H2O2
(Figs. 2B and 3A).We supposed that the spot of PIP contained not only
PI3P but also PI4P and PI5P, which might be increased by H2O2
treatment. In fact, Van der Kaay et al. [51] also reported that the level
of PI4P was increased by H2O2 treatment. Therefore, it would be
necessary to separate the different PIP species or use a speciﬁc probe
for PI4P and PI5P to elucidate the quantitative changes in speciﬁc
lipids upon H2O2 treatment.
The ﬁnding that the depletion of PI3P by H2O2 could be reversed by
removing the H2O2 was conﬁrmed both biochemically by lipid blot
assay and by our semi-intact cell assay using the GST-2xFYVE probe.
Morphological analysis using semi-intact cells revealed that the
association of FYVE domain proteins, such as EEA1, SARA, and GST-
2xFYVE, with endosomal membranes was restored within 15 min
after H2O2 washout (Figs. 3 and 4). These results suggest that the
turnover of PI3P in the cells is so fast that most of the PI3P is replaced
within 10 min, and are consistent with the report by Bergeland et al.
[52], who investigated 2xFYVE turnover on single endosomes using
ﬂuorescence recovery after photobleaching (FRAP) and demonstrated
a very rapid exchange of PI3P with a half life of less than a second.
4.2. p38 MAPK-dependent depletion of PI3P from endosomes speciﬁcally
perturbs the retrograde transport of CtxB
Depletion of PI3P would perturb both endosomal processing and
signal transduction processes in which FYVE domain proteins are
involved. In fact, as shown in Fig. 4, we found that the FYVE domain
proteins EEA1 and SARA dissociated from endosomal membranes upon
H2O2 treatment, probably due to the depletion of PI3P. As a consequence,
we examined the effect of H2O2-induced depletion of PI3P from
endosomes on endocytic transport in HeLa cells. We found that
treatment with H2O2 delayed transport in a broad range of endocytic
pathways, in particular the transport of EGFR to the lysosome (Fig. 5A, B),
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(Fig. 5C, D), and the uptake and recycling of Tf (Fig. 6).
The transport pathway that depended most on PI3P was the
retrograde transport of CtxB from endosomes to the Golgi. We found
that when the treatment with p38 inhibitor or knockdown of p38
MAPK inhibited the H2O2-induced depletion of PI3P from endosomes,
the kinetics of CtxB transport was restored, but the lysosomal
degradation of EGFR and the uptake and recycling of Tf remained
delayed (Fig. 10). This result indicated that H2O2 perturbed not only
the amount of PI3P in endosomes but also other factors, which were
responsible for the delay in the lysosomal degradation of EGFR and in
the recycling of endocytosed transferrin. Concomitantly, the results
suggested that the amount of PI3P in endosomes plays a crucial role in
the retrograde transport of CtxB, although it remains unclear whether
it is only the amount of PI3P that is crucial for the restoration.
What are the proteins involved in the transport of CtxB whose
function depends on PI3P? Sorting nexin (SNX) is one candidate. The
SNX proteins are a large family of proteins that contain the PX domain,
which is a phosphoinositide-binding domain, and most SNX proteins
bind PI3P preferentially. Some SNX proteins are components of
retromer, a complex that mediates the retrograde transport of
transmembrane cargo from endosomes to the TGN [53]. Bujny et al.
[10]demonstrated that SNX1regulates the retrograde transport of Shiga
toxin fromearly endosomes to the TGN. Skånland et al. [54] showed that
the transport of ricin from endosomes to the TGN was dependent on
SNX2, SNX4, and PI3P. In addition, Rojas et al. [55] demonstrated that
Rab5 is required for theproduction of PI3K and the subsequent targeting
of SNX to endosomes, whereas Rab7 is required for the targeting of
Vps26. These authors also showed that both processes are essential for
endosome-to-Golgi transport. Therefore, it is likely that SNX proteins
are involved in the retrograde transport of CtxB,whichdepends on PI3P.
The particular SNX proteins that are involved in the transport remain to
be elucidated in the future.
4.3. The hypothetical mechanisms of H2O2- and p38 MAPK-dependent
dissociation of EEA1
In this study, we demonstrated that the p38 MAPK inhibitor
SB203580 or knockdown of p38 MAPK suppressed both the H2O2-
induced depletion of PI3P from endosomes and the H2O2-induced
dissociation of Rab5 and EEA1 from endosomes (Figs. 7 and 8). This
ﬁnding was supported by our observation that another inducer of
oxidative stress, 3-AT, which did not activate p38 MAPK (Supple-
mentary Fig. 4), had no effect on either the depletion of PI3P or the
dissociation of Rab5 and EEA1 (Fig. 7A). Cavalli et al. [31]
demonstrated that H2O2 stimulates the formation of the Rab5/Rab-
GDI complex and the dissociation of EEA1 by activating p38 MAPK.
They showed that the H2O2-induced dissociation of EEA1 can be
prevented by overexpression of the Rab-GDI S121A mutant, which is
not phosphorylated by p38 MAPK, but not by overexpression of wild
type Rab-GDI. These results demonstrate that the stress-induced
redistribution of EEA1 is mediated by p38 MAPK-dependent
activation of Rab-GDI. In contrast, Macé et al. [56] demonstrated
that EEA1 can be phosphorylated by p38 MAPK under basal con-
ditions, which promotes the localization of EEA1 to endosomes.
Thus, the molecular mechanism by which H2O2 induces the dis-
sociation of FYVE domain proteins such as EEA1 from endosomes
remains controversial.
From the results that we obtained in this study, we also believe
that the depletion of PI3P from endosomes is the crucial process that
underlies the H2O2-induced dissociation of EEA1 from endosomes.
Here we propose the following model for the mechanism of H2O2-
induced EEA1 dissociation. Treatment with H2O2 activates p38 MAPK,
which results in increased formation of the Rab5/Rab-GDI2 complex.
Given that Rab5 is reported to be involved in the recruitment of PI3
kinase (hVps34 is one candidate) to the endosomal membrane [44],reduction of the amount of Rab5/PI3 kinase complex due to treatment
with H2O2 would inhibit the production of PI3P in the endosomal
membrane. In fact, we found that the total amount of membrane-
associated hVps34 was decreased by H2O2 treatment (Fig. 9). The loss
of PI3 kinase activity from endosomes in H2O2-treated cells might
result in the dissociation of EEA1 or other FYVE domain proteins from
membranes, and perturb various endocytic transport pathways that
involve early endosomes.
In this study, we found that the oxidative stressor H2O2 decreased the
amount of PI3P in endosomes in a p38 MAPK-dependent manner, and
concomitantly perturbed steps of endocytosis that occurred after
internalization, such as the recycling of endocytosed Tf. p38 MAPK is
knowntobeactivatedundervarious stress anddisease conditions [34,57].
To determine pathological associations, it will be interesting and useful to
investigate the correlation between the amount of PI3P in endosomes
and the way in which endocytic processes or signal transduction via
endosomes is perturbed in pathological cells. The semi-intact cell assays
described in this study will enable the amount of PI3P in endosomes to
be investigated in the presence of cytosol from a variety of pathological
cells. Interestingly, we found in this study that an inhibitor of p38MAPK
and knockdown of p38 MAPK prevented both the H2O2-induced
depletion of PI3P from endosomes and the delay in the transport of
CtxB from the endosome to the TGN. This suggests that the amount of
PI3P in endosomes is crucial for the retrograde transport of CtxB. This
p38-dependent, PI3P-sensitive transport pathway might be involved
in physiologically important signal transduction under conditions of
oxidative stress.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbamcr.2011.01.023.
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